Background/Aims: ATP-binding cassette transporter E1 (ABCE1), a unique ABC superfamily member that bears two Fe-S clusters, is essential for metastatic progression in lung cancer. Fe-S clusters within ABCE1 are crucial for ribosome dissociation and translation reinitiation; however, whether these clusters promote tumor proliferation and migration is unclear. Methods: The interaction between ABCE1 and β-actin was confirmed using GST pull-down. The lung adenocarcinoma (LUAD) cell line A549 was transduced with lentiviral packaging vectors overexpressing either wild-type ABCE1 or ABCE1 with Fe-S cluster deletions (ΔABCE1). The role of Fe-S clusters in the viability and migration of cancer cells was evaluated using clonogenic, MTT, Transwell and wound healing assays. Cytoskeletal rearrangement was determined using immunofluorescent techniques. Results: Fe-S clusters were the key domains in ABCE1 involved in binding to β-actin. The proliferative and migratory capacity increased in cells overexpressing ABCE1. However, the absence of Fe-S clusters reversed these effects. A549 cells overexpressing ABCE1 exhibited irregular morphology and increased levels of cytoskeletal polymerization as indicated by the immunofluorescence images. In contrast, cells expressing the Fe-S cluster deletion mutant presented opposing effects. Conclusion: These results demonstrate the indispensable role of Fe-S clusters when ABCE1 participates in the proliferation and migration of LUADs by interacting with β-actin. The Fe-S clusters of ABCE1 may be potential targets for the prevention of lung cancer metastasis.
Introduction
Lung cancer has the highest incidence of malignant tumor and is the leading cause of cancer mortality worldwide [1] . Lung adenocarcinoma (LUAD), a subtype of non-small at 37°C in a humidified atmosphere containing 5% CO 2 , whereas 293T cells were cultured in DMEM (Gibco, Grand Island, NY, US) supplemented with 10% FBS (HyClone, Logan, UT, USA) at 37°C in a humidified atmosphere containing 5% CO 2 .
Plasmid vector construction and recombinant protein purification
The plasmid pGEX-4T-1-ABCE1 was a generous gift from Dr. J.R. Lingappa [5] , and pGEX-4T-1-ΔABCE1 (without the Fe-S domain coding sequence) plasmids were constructed via PCR amplification using cDNA from human LUAD cells (LETP-a-2) as a template. The coding sequences were inserted into pGEX-4T-1 vectors using BamHI and EcoRI restriction endonucleases. The ABCE1 and ΔABCE1 primers were as follows: ABCE1, Forward 5'-AGTCGCGGCCGCCTAATCATCCAAGAAAAAGTAGTTTCC-3', Reverse 5'-AGTCGGATCCATGGCAGACAAGTTAACGAGAATT-3'; and ΔABCE1, Forward 5'-GATGCGGCCGCTCGAGTCGACCCGGGAATTCTTACTAATCATCCAAGAAAAAGT-3', Reverse 5'-GATGCGGCCGCTCGAGTCGACCCGGGAATTCTTACTAATCATCCAAGAAAAAGT-3'.
After the plasmids were sequenced, pGEX-4T-1-ABCE1, pGEX-4T-1-ΔABCE1 and the empty plasmids were transformed into E. coli BL21 (DE3) plysS cells (Tiangen, China) and grown at 37°C in LB broth containing 60 μg/mL ampicillin to an optical density of 0.5-0.6. Induction was conducted at 25°C overnight using a final concentration of 0.4 mM isopropyl-1-thio-beta-D-galactopyranoside (IPTG, Tiangen, Beijing, China). The cells were harvested via centrifugation at 5000×g for 5 minutes, sonicated and subsequently collected via centrifugation at 140, 00×g (rotor JA-25.5, Beckman Coulter) for 10 minutes. Purified recombinant glutathione S-transferase-labeled ABCE1 (GST-ABCE1), glutathione S-transferase-labeled ΔABCE1 (GST-ΔABCE1) and GST proteins were extracted using a recombinant protein purification kit (Millipore, Billerica, MA, USA). ATPase activity was assessed using ATPase Activity Assay Kits (Abnova, Taipei, Taiwan, China) according to the manufacturer's instructions and was calculated as follows: Enzyme activity = [Pi](µM) × 40 µL ÷ (10 µL × t)(U/L).
GST pull-down assay
A GST pull-down assay was employed to confirm the interactions between the ABCE1 Fe-S clusters and β-actin. For the GST pull-down assays, 50 µL of glutathione-sepharose resin from a recombinant protein purification kit (Millipore, Billerica, MA, USA) was bound to recombinant GST-ABCE1, GST-ΔABCE1 or GST alone without eluting and mixed with 0.4 mg/mL purified β-actin (Cytoskeleton, Denver, CO, USA) on a rotating incubator at 37°C for 2 hours. Then, 0.4 mg/mL purified β-actin and 0.2 mM ATP (Cytoskeleton, Denver, CO, USA) were dissolved in reaction buffer (20 mM Tris, 100 mM NaCl, 1 mM DTT and 1 mM EDTA). The supernatant was removed, and the resin was washed in washing buffer provided by the kit. Then, samples were harvested via centrifugation at 500×g at 4°C for 5 minutes, which was repeated three times. Protein-bound resin was heat-denatured and separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) through a 10% gel. The gel was stained with a Coomassie Brilliant Blue Fast Staining Solution (Tiangen, Beijing, China) and scanned, after which the GST-ABCE1, GST-ΔABCE1 and β-actin proteins were identified. Control pull-downs were similarly conducted using GST alone and glutathione-sepharose resin. Each experimental condition was assessed at least three times.
Lentiviral packaging vector construction and infection
The Lenti-Easy Packaging System (Shanghai Genechem Co., Ltd., China) was used due to its high infection and transduction efficiencies in human cells [21] .
ABCE1 and ΔABCE1 were synthesized and annealed using the following primers: ABCE1: Forward 5'-GAGGATCCCCGGGTACCGGTCGCCACCATGGCAGACAAGTTAACGAG-3', Reverse 5'-TCCTTGTAGTCCATACCATCATCCAAGAAAAAGTAGTTTC-3'; and ΔABCE1: Forward, 5'-GAGGATCCCCGGGTACCGGTCGCCACCATGCCAAGCAACTTGGAAAAAG-3', Reverse 5'-TCCTTGTAGTCCATACCATCATCCAAGAAAAAGT AGTTTC-3'. The GV358-ABCE1 and GV358-ΔABCE1 lentiviral vectors were constructed. The elements within the GV358 vector and restriction enzyme used for inserting the ABCE1 sequences were Ubi-MCS-3FLAG-SV40-EGFP-IRES-puromycin and AgeI, respectively. Using the Lenti-Easy Packing Mix (Shanghai Genechem Co., Ltd., China) and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), the GV358-ABCE1, GV358-ΔABCE1 and control vectors were transfected into 293T cells, which were cultured in Opti-MEM for 2 hours before transfection. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 . After 8 hours of transfection, the culture media were exchanged with fresh MEM culture medium supplemented with 10% FBS. At 72 hours after transfection, the supernatants containing lentiviral particles were harvested and collected by 1500 rpm centrifugation for 5 minutes and filtered through a 0.22 µm PES filter (Millipore, Billerica, MA, USA). The lentiviral particles were concentrated in ultrafiltration centrifugal tubes (Centricon Plus-20, Millipore, Billerica, MA, USA). To quantify each vector titer, 293T cells were infected with various dilutions of lentiviral particles, and the number of cells expressing green fluorescent protein were counted at 96 hours after infection. The viral titer was calculated as follows: Quantity of cells /10 -5 (volume of vector original liquid (µL)) = Titer (TU/ml).
Subsequently, lentiviral packaging vectors with multiplicities of infection (MOIs) of 15 were mixed with F12K culture medium containing 5 µg/mL polybrene (Shanghai Genechem Co., Ltd., China). The lentiviral packaging vector solution was added at a 30% infection rate per well to A549 cells in 6-well plates for 24 hours. Subsequently, the medium was exchanged for fresh complete F12K culture medium for an additional 48 hours. Finally, fluorescence microscopy was used to evaluate the infection rate, which was calculated as follows: (Quantity of cells expressed green fluorescent protein in dark field / Quantity of cells in bright field) × 100% = Rate of infection.
Western blot analysis A549 cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate). After the proteins were pelleting, a BCA protein assay was conducted, after which the proteins were denatured and separated using SDS-PAGE on a 10% gel. The separated proteins were then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA), which were incubated with either anti-ABCE1 antibody [ERP15373(B)]-C-terminal (1:5000, Abcam, Cambridge, MA, USA) or a GAPDH monoclonal antibody (1:1000, Bioss, Beijing, China) and subsequently incubated with a peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H+L) antibody (1:2000, ZSGB-Bio, Beijing, China). Signals on the membranes were detected using enhanced chemiluminescence (ECL, Tanon, Shanghai, China). Each experiment was independently repeated three times. Densitometry evaluation of ABCE1 and GAPDH expression was analyzed using ImageJ 1.47v software, and ratios of densitometry value of ABCE1/GAPDH were calculated and compared.
Transwell assay
The migration of A549 cells was assessed using Transwell inserts (Corning, Corning, NY, US). At 48 hours after transfection, 2 × 10 4 cells in 200 μL of serum-free F12K medium were seeded into the upper chamber (which was placed in the well of a 24-well plate), and 600 μL of F12K medium supplemented with 10% FBS was added to each well of the plate as a chemo-attractant to encourage cell migration. After the cells incubated for 48 hours, those that did not migrate were removed using a cotton swab. All remaining cells were stained using 1% crystal violet and counted under a light microscope. The number of migratory cells was counted in 4 fields under 200× magnification to determine the average number of migratory cells. Each experiment was independently repeated three times [22] .
Wound healing assay
Cells in the logarithmic growth phase were plated into a 24-well plate and cultured at 37°C in a humidified atmosphere containing 5% CO 2. The infection rate was greater than 90% after 24 hours, after which a scratch was made on the cell monolayer using a sterile 200-μL pipette tip (Axygen, Union, CA, USA). Images of the scratch under a light microscope (Nikon Eclipse TE2000-S, Japan) were collected at 0, 24 and 48 hours after scratching, and the space width was analyzed using Image-Pro plus Version 6.0.0.260 software. The wound healing assay was performed in triplicate.
MTT (3-(45,)-dimethylthiahiazo (-z-y1)-35, -di-phenytetrazoliumromide) test
An MTT assay was performed to measure the viability of the cultures. Cells were treated with the different lentiviral constructs described above for 48 hours. Then, 1x10
3 cells in 200 μL were plated in 96-well plates. After culturing for 2, 24, 48, 72 or 96 hours, 180 μL of 10% F12K medium and 20 μL of MTT solution (5 mg/mL in phosphate-buffered saline (PBS)) were added to each well, and the treated cells were incubated at 37°C for 4 hours. Then, the supernatants were removed, and 150 μL dimethyl sulfoxide (DMSO) was added into each well. The plates were agitated at room temperature for 10 minutes to dissolve the dark-blue MTT crystals. The optical densities of the cultures were read on an Autobio Microplate Reader (Autobio Diagnostics Co., Zhengzhou, China) at 570 nm. The MTT assay was performed in three independent experiments.
Clonogenic assay A549 cells were trypsinized, resuspended in medium and counted. Cells (300 per well) were reseeded in 6-well plates and incubated for 12 days at 37 ºC in a humidified atmosphere containing 5% CO 2 . After the media were aspirated, the cells were washed twice with ice-cold PBS. The cell colonies were sequentially fixed in 4% paraformaldehyde for 30 minutes and 95% ethanol for 10 minutes, after which they were stained with 1% crystal violet for 30 minutes on a decolorization table and counted. Three independent experiments were performed.
Cytoskeleton staining A549 cells infected with the different lentiviral vectors were separately seeded in confocal plates and cultured for 24 hours. The culture media were removed, and the cells were washed once with PBS and fixed in 4% paraformaldehyde for 10 minutes at room temperature. After the cells were washed again with PBS at room temperature for 30 seconds, they were permeabilized in permeabilization buffer (0.5% Triton X-100 in PBS) at room temperature for 5 minutes and washed with PBS for 30 seconds. Then, 200 μL of 100 nM rhodamine phalloidin (Cytoskeleton, Denver, CO, USA) was added to the cells. The samples were incubated in a dark, humid chamber at room temperature for 30 minutes followed by three washes with PBS. Cell nuclei were visualized by counterstaining the cells with 200 μL of 100 nM 4',6-diamidino-2-phenylindole (DAPI) in PBS for 10 minutes. The stained cells were washed three times with PBS. Finally, fluorescent images of the stained cells were captured using a confocal laser scanning microscope (Olympus, Japan) and visualized using Olympus FA10-ASW 3.0 Viewer software.
Statistical analysis
All statistical analyses were performed using SPSS 19.0 software. Quantitative values were presented as the means ± SD. A one-way ANOVA followed by a Tukey-Kramer multiple comparisons test was conducted to compare corresponding data. The results were considered significant at P < 0.05.
Results

Induction, purification and ATPase activity of recombinant GST-ABCE1 and GST-ΔABCE1
The pGEX-4T-1-ABCE1 and pGEX-4T-1-ΔABCE1 plasmids, which contained full-length ABCE1 and the Fe-S cluster-deficient coding sequence (210 bp at the N-terminal tail) ΔABCE1, respectively, were constructed. The sequences inserted into the recombinant plasmids were verified, and their efficacies were tested in vitro. Coomassie Blue staining indicated a band of purified GST-ABCE above 95 kDa in lane 6, a band of purified GST-ΔABCE1 between 72 kDa to 95 kDa in lane 8 and band of GST between 26 kDa to 34 kDa in lane 4 (corresponding to the pGEX-4T-1 plasmid) after the plasmids were transformed into BL21 (DE3) cells and the bacteria were induced. These results show the successful induction of GST-ABCE1, GST-ΔABCE1 and GST by IPTG (Fig. 1A) . We subsequently purified the recombinant GST proteins to 1 pmol/µL and evaluated their biological activity. As shown in Fig. 1B , the recombinant ABCE1 and ΔABCE1 proteins had higher ATPase activity for ATP hydrolysis than GST protein alone (P < 0.05). Furthermore, the activity of GST-ABCE1 was higher than that of GST-ΔABCE1 (P < 0.05).
The Fe-S cluster is essential for specific interactions between ABCE1 and β-actin
The GST pull-down assay was used to verify a possible interaction between ABCE1 and β-actin. Purified β-actin protein was individually mixed with a glutathione-sepharose resin bound to recombinant GST-ABCE1, GST-ΔABCE1 or GST protein. As shown in Fig. 2A , two bands above 95 kDa and 43 kDa representing GST-ABCE1 and β-actin, respectively, were detected by Coomassie Blue stain in lane 2. β-Actin binding to either GST alone or the
glutathione-sepharose resin beads was not observed in lanes 4 or 6, but β-actin was detected in the control (lane 7). These results suggest a specific interaction between GST-ABCE1 and β-actin. Similarly, lane 2 in Fig. 2B shows that bands were only present at approximate 85 kDa (between 95 kDa and 72 kDa), which corresponds to GST-ΔABCE1, and there was no band at approximately 43 kDa, which corresponds to β-actin. This result indicating the crucial role of the Fe-S cluster domains of ABCE1 in activities involving β-actin. The band at 95 kDa represents GST-ABCE1 and the other band at 43 kDa represents β-actin, implying a specific binding interaction between GST-ABCE1 and β-actin. Lane 3, GST-ABCE1 bound to glutathione-sepharose resin beads (GS) as a control. Lane 4, GST protein bound to glutathione-sepharose resin beads (GS) was mixed with purified β-actin. Only one band below 34 kDa was present, suggesting that GST alone could not bind with β-actin. Lane 5, GST protein combined with glutathione-sepharose resin beads (GS) as a control. Lane 6, glutathione-sepharose resin beads (GS) combined with β-actin. There was no band present. Lane 7, the band at 43 kDa represents β-actin. B) Interaction of GST-ΔABCE1 and purified β-actin. In lane 1, there were only bands present between 72 kDa~95 kDa (approximately 85 kDa), which represented GST-ΔABCE1 and indicated β-actin was absent. This result demonstrates that GST-ΔABCE1 was not able to interact with β-actin due to the loss of the Fe-S cluster domain.
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Construction and identification of lentiviral packaging vectors for overexpression of ABCE1 and ΔABCE1
To determine whether the Fe-S cluster domains of ABCE1 played essential roles in the migration and proliferation of tumor cells, we ectopically expressed ABCE1 and ΔABCE1 by Fig. 4 . The Fe-S cluster domain is e s s e n t i a l for tumor g r o w t h potential. A) Clonogenic assays were performed to observe the prol i fe ra t i o n of cells infected with l e n t iv i ra l packaging v e c t o r s . Representative images are shown. B) Quantification of colonies formed by control cells and cells infected with lentiviral packaging vectors indicating that the growth potential enhanced by ABCE1 was significantly decreased when in cells lacking a functional Fe-S cluster (**P < 0.05). C) The effects of the Fe-S cluster in ABCE1 on the proliferative potential of infected cells were determined using the MTT assay. **P < 0.05.
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Cell Physiol Biochem 2017;44:554-566 infecting cell lines with lentivirus containing overexpression plasmids. The specific ABCE1 and ΔABCE1 coding regions were cloned into GV358-GFP plasmids and confirmed by sequencing. The resultant GV-ABCE1 and GV-ΔABCE1 plasmids as well as negative control vectors were transfected into 293T cells. After 8 hours, protein expression was detected using a fluorescence microscope (Fig. 3A) . The supernatants were collected to isolate the lentiviral particles containing the GV-ABCE1, GV-ΔABCE1 and control plasmids, and these lentiviral particles were used to infect A549 cells. Protein expression was observed in infected cells under a fluorescence microscope 72 hours after infection. The infection efficiency reached 95% based on the GFP fluorescence signals (Fig. 3A) . To assess the expression of ABCE1 and ΔABCE1 in the infected A549, the proteins were extracted from the infected and control cells and analyzed using western blotting (Fig. 3B) . Given the essential role of ABCE1, protein bands at 68 kDa indicative of ABCE1 were observed in all the groups. However, the levels of ABCE1 in cells infected with GV-ABCE1 were much higher than those in the control cells or in cells infected with either GV-ΔABCE1 or GV-NC (negative control) (P < 0.05). Similarly, ΔABCE1 appeared at 58 kDa just below native ABCE1 in lane 1 and was only detected in cells infected with GV-ΔABCE1. This result indicated that native protein expression was not affected by the lentiviral vectors.
Effects of the ABCE1 Fe-S cluster on A549 cell growth potential and viability
Once we demonstrated that the Fe-S cluster domain was closely associated with β-actin, we further considered whether this unique ABCE1 domain was responsible for tumor properties associated with actin cytoskeleton remodeling. The most obvious approach was to assess cell proliferation using clonogenic assays. We observed more pronounced and more frequent colony formation in cells overexpressing ABCE1 induced by GV-ABCE1 (Fig. 4A , P < 0.05). However, no significant difference in the number of colonies formed was observed between cells infected with either GV-ΔABCE1 or GV-NC and untreated A549 cells (Fig. 4B , P > 0.05). We also performed MTT assays to investigate the effects of ABCE1 overexpression on cell viability. As expected, the cells lentivirally infected with GV-ABCE1 proliferated much faster than the other treated cells (Fig. 4C, P < 0.05) . Comparatively, cells expressing ΔABCE1 (i.e., ABCE1 with a lack of Fe-S clusters) showed ineffective proliferation rates (P > 0.05). There were no marked differences between untreated cells and cells infected with GV-NC (P > 0.05).
Effects of the ABCE1 Fe-S clusters on the migratory potential of A549 cells
The metastatic potential of a tumor is dependent on the ability of tumor cells to migrate to distant sites. To assess whether the Fe-S domain affects the migration potential of A549 cells, Transwell and wound healing assays were performed in vitro. In the Transwell assay, high concentrations of chemoattractants (i.e., FBS) encouraged cell migration to the lower chamber ( Fig. 5A and Fig. 5B ). As shown in Fig. 5C , the migratory ability was significantly enhanced in cells infected GV-ABCE1. This effect was absent in cells infected with GV-ΔABCE1 (Fig. 5C , P < 0.05). Consistent with the results of the Transwell assays, the speed of wound closure in the wound healing assays progressively increased in cells overexpressing ABCE1 (Fig. 5D , P < 0.05). At 48 hours after scraping, the migratory distance of the GV-ABCE1 cells into the wound region was 1078.98 ± 27.77, whereas the migratory distance of cells expressing ABCE1 lacking the Fe-S cluster (GV-ΔABCE1) was approximately 45% shorter (590.77 ± 35.91, Fig. 5D , P < 0.05). There was no significant difference in the migration distance between the control cells and cells infected with GV-NC (P > 0.05).
The actin cytoskeleton is responsible for changes in cell shape during cell migration. We used rhodamine phalloidin, GFP and DAPI to monitor actin cytoskeleton polymerization and morphological changes in infected A549 cells. Representative images showed distinct morphological changes in cells with lentiviral-mediated upregulation in ABCE1 expression. GV-ABCE1 A549 cells presented a higher frequency of cell membrane processes associated with increased cytoskeletal polymerization and polarization as indicated by the stronger phalloidin labeling intensity (Fig. 5E, P < 0.05) . Cells expressing the ABCE1 construct lacking
Yu/Han/Tian: Fe-S Cluster of ABCE1 and Lung Adenocarcinoma Metastasis ABCE1 Fe-S clusters have a significant effect on the migratory activity of A549 cells that is likely due to cytoskeletal polymerization.
Discussion
Lung cancer is the leading cause of mortality of all malignant tumors worldwide [1] . The present study revealed for the first time the functional relevance of the ABCE1 Fe-S clusters in the migration and metastasis of human LUAD and in actin cytoskeletal rearrangement via interactions with β-actin.
ABCE1 is a highly conserved protein that contains unique Fe-S clusters in the N-terminal region. ABCE1 codes for ribonuclease L inhibitor, which regulates various biological functions, such as ribosome biosynthesis and recycling, as well as HIV capsid assembly [23, 24] .
Although an increasing number of studies has demonstrated the role of ABCE1 in tumor cell development, very little is known about the actual mechanisms [7, 25] . Furthermore, the roles of ABCE1 and its Fe-S clusters in carcinogenesis are still undetermined. Previous studies have reported that the mRNA and protein expression levels of β-actin were significantly higher in tumor tissues than in normal adjacent tissues [26, 27] . Other studies further identified β-actin reorganization as important in tumor cell migration [18] . Reports on metastatic cancer cells indicated that β-actin was transformed to a dispersed state, i.e., diffusely localized throughout the cytoplasm and distributed in regions of lamellar activity instead of at intercellular junctions [28] . To explore the potential interactions between ABCE1 and β-actin, we hypothesized that the Fe-S cluster, one most important functional domain of ABCE1, may mediate β-actin cytoskeletal rearrangements. Thus, we first obtained purified recombinant proteins by transforming cells with plasmids containing either fulllength or Fe-S cluster-deficient coding sequences (ABCE1 and ΔABCE1, respectively). ATP hydrolysis is an important function of ABCE1, so we tested ATP hydrolysis activity to evaluate biological activity of the recombinant proteins. Proteins exhibiting native biological activity could be used to conduct further experiments. Both GST-ABCE1 and GST-ΔABCE1 exhibited more ATPase activity than the GST protein alone, and the ATPase activity of GST-ΔABCE1 was lower than that of GST-ABCE1. However, previous studies on ABCE1 from Sulfolobus solfataricus reported by Barthelme et al. suggest that neither the prosthetic group nor the lack of the entire Fe-S cluster domain affected ATPase activity at 80°C [11] . Other studies on ABCE from Pyrococcus abyssi by Sims and Igarashi suggest that the ATPase activity is jointly regulated by the status of Fe-S and Mg 2+ , as PabABCE1 without its full complement of Fe-S clusters is more sensitive to Mg 2+ inhibition and overall energy charge under strict anaerobic conditions at 60-85°C [29] . In our studies, ATPase activity was assessed under aerobic conditions at room temperature without precise Mg 2+ titration. The conformation and oxidation state of the GST recombinant protein, temperature, Mg 2+ concentration and presence of the Fe-S cluster domain may influence enzyme activity.
The GST pull-down assay is commonly used to verify interactions between proteins. As shown in Fig. 2 , the two bands stained with Coomassie Blue were detected only when β-actin was bound to GST-ABCE1. Under other conditions, bands of either recombinant protein or β-actin were detected in each lane (lanes 3-7 in Fig. 2A, lane 1 in Fig. 2B ), demonstrating the crucial role of the Fe-S cluster domain in ABCE1 binding to β-actin. The expected band of GST-ΔABCE1 is approximately 85 kDa; however, there is an additional band at a lower position. Studies on the structure of the ribosome post-recycling complex by Kiosze-Becker K et al. suggested the Fe-S cluster domain anchors to NBD1 via a two β-strand lever arm; this lever arm swings to rotate the Fe-S cluster domain 160 degrees. In addition, there is a helix-loophelix (HLH) at the beginning of NBD1 [12] . We speculate that when the Fe-S cluster domain was knocked out, the unstable lever arm and HLH regions underwent either abscission or hydrolysis from NBD1 resulting an incomplete recombinant protein. The molecular weight of the incomplete GST-ΔABCE1 is slightly lower than that of the complete protein.
In gene function studies, the specific knockdown or upregulation of target genes without affecting other gene products is an important method for developing specific mutants for use in lentiviral packaging vectors [30] [31] [32] . In view of the vital function of ABCE1 in protein synthesis, translation termination and ribosome recycling, knockdown of ABCE1 may interfere with basic cellular metabolism. In this study, we constructed lentiviral packaging vectors to overexpress ABCE1 and ΔABCE1 in A549 cells to avoid the potential side effects from knocking down or knocking out ABCE1. Using fluorescence microscopy and western blotting, we observed that the target proteins were overexpressed as shown in Fig. 3 . Rapid growth and increased metastatic potential are two basic characteristics of tumor cells. Recent evidence has indicated that ABCE1 is crucial in tumor progression, prognosis and metastasis [7, 9] . Our MTT and clonogenic assay data showed that A549 cells overexpressing ABCE1 grew much faster and formed more pronounced and a larger number of colonies. Cells expressing mutant ABCE lacking the Fe-S clusters showed opposing effects. Cell proliferation was obviously inhibited when ABCE1 was down-regulated [7, 8] . Collectively, the data suggest that the Fe-S cluster domains have a remarkable influence on the cellular growth potential of A549 cells. We speculated that ΔABCE1 couldn't attach to or detach from the small ribosomal subunit such that the absence of the Fe-S cluster domain influenced the activity of ABCE1 regarding ribosomal protein recycling. Acceleration of proliferation caused by ABCE1 overexpression was blocked in cells expressing the Fe-S cluster domain deletion mutant. Additionally, we found that the Fe-S cluster domains could affect cell shape and migratory behavior. Previous studies have indicated that cell migration is dependent on lamellipodia formation [32, 33] . Changes in cell polarity and actin organization may reflect alterations in cell migration. Using Transwell and wound healing assays, we observed that the migratory abilities were significantly increased in A549 cells overexpressing ABCE1 unlike the cells expressing mutant ABCE that lacked the Fe-S clusters.
To further analyze cytoskeletal organization, we used phalloidin, DAPI, and GFP to observe morphological changes in transduced A549 cells. Fluorescent signals from the phalloidin (red), lentiviral GV358-GFP (green) and nuclei (blue) images were merged to create images of the cytoskeletal organization. As expected, cells transfected with GV-ABCE1 were polygonal in shape with increased cytoskeleton polymerization as indicated by strong phalloidin staining. Cells expressing the ABCE mutant lacking the Fe-S clusters had more rounded morphology with weakly rearranged cytoskeletons. Furthermore, the average fluorescent densities of these cells verified the morphological observations in accordance with previous studies by Visegrady et al. [34] . Other authors found that reduced integrinmediated adhesion was attributed to the disturbance of F-actin (formed by β-actin) and was responsible for prostate cancer stemness and bone metastasis [32] .
Unfortunately, we were unable to determine a definitive role of the Fe-S clusters. The in vitro conditions do not accurately reproduce the complex intracellular environment and cross-talk between cells. Further in vivo experiments focusing on the effects of the Fe-S domain are necessary.
Our study was the first to demonstrate that specific in vitro binding of ABCE1 to β-actin required the Fe-S cluster domain. These results highlighted the indispensable roles of the Fe-S clusters in the growth and metastatic potential of LUAD cells. The Fe-S clusters on ABCE1 may be a potential target in the prevention of lung cancer metastasis.
